Two main pieces of neurobiological evidence are adduced to support an early neurodevelopmental component to schizophrenia. Firstly, an abnormal distribution of neurons, especially interstitial white matter neurons (IWMNs). Secondly, decreased expression of reelin, a key developmental signalling molecule. Although influential, neither result is wholly established, and a possible link between them has not been examined. We addressed both issues, in superior temporal cortex, in 12 subjects with schizophrenia and 14 controls. The distribution and density of IWMNs, immunostained with the neuronal marker NeuN, was increased in the superficial white matter in schizophrenia (+16%; P = 0.03). IWMN density in deep white matter was unaffected. Using in situ hybridization, reelin mRNA was found to be expressed by many IWMNs, layer I neurons, and scattered interneurons. Superficial IWMNs (P = 0.008) and layer I neurons (P = 0.036) both expressed less reelin mRNA per cell in schizophrenia, with a trend for deep IWMNs (P = 0.055). In conclusion, we replicated findings of increased IWMN density, and of decreased reelin expression, in schizophrenia. The loss of reelin reflects, at least partly, its decreased expression by IWMNs. These findings together support neurodevelopmental theories of the disorder, and indicate a link between reelin and IWMNs in this process, consistent with evidence from the heterozygous reeler mutant mouse. The alterations may contribute to the aberrant synaptic connectivity seen in schizophrenia. However, the functional implications of the abnormalities, as well as the mechanisms involved, remain to be fully elucidated.
Two main pieces of neurobiological evidence are adduced to support an early neurodevelopmental component to schizophrenia. Firstly, an abnormal distribution of neurons, especially interstitial white matter neurons (IWMNs). Secondly, decreased expression of reelin, a key developmental signalling molecule. Although influential, neither result is wholly established, and a possible link between them has not been examined. We addressed both issues, in superior temporal cortex, in 12 subjects with schizophrenia and 14 controls. The distribution and density of IWMNs, immunostained with the neuronal marker NeuN, was increased in the superficial white matter in schizophrenia (+16%; P = 0.03). IWMN density in deep white matter was unaffected. Using in situ hybridization, reelin mRNA was found to be expressed by many IWMNs, layer I neurons, and scattered interneurons. Superficial IWMNs (P = 0.008) and layer I neurons (P = 0.036) both expressed less reelin mRNA per cell in schizophrenia, with a trend for deep IWMNs (P = 0.055). In conclusion, we replicated findings of increased IWMN density, and of decreased reelin expression, in schizophrenia. The loss of reelin reflects, at least partly, its decreased expression by IWMNs. These findings together support neurodevelopmental theories of the disorder, and indicate a link between reelin and IWMNs in this process, consistent with evidence from the heterozygous reeler mutant mouse. The alterations may contribute to the aberrant synaptic connectivity seen in schizophrenia. However, the functional implications of the abnormalities, as well as the mechanisms involved, remain to be fully elucidated. Based upon a range of epidemiological, clinical and neurobiological findings, the view that schizophrenia is a neurodevelopmental disorder has become the prevailing pathogenic model. [1] [2] [3] [4] [5] [6] [7] A specific variant of the hypothesis envisages an abnormality occurring during the second trimester in utero. 8, 9 There are two positive findings that, in tandem with the lack of gliosis, 10 are generally considered to give neurobiological credence to this 'early' developmental model. Firstly, the finding of aberrantly located neurons, especially interstitial white matter neurons (IWMNs). These are thought to represent the relatively few adult remnants of the cortical subplate, 11, 12 a structure which is formed early in the second trimester, 13 and which plays a key role in cortical development, including neuronal migration, lamination, columnarity and formation of corticothalamic and thalamocortical connections.
14,15 IWMN abnormalities in schizophrenia have been reported in the dorsolateral prefrontal, [16] [17] [18] middle and medial temporal 19 and inferior parietal 20 cortices, and interpreted as reflecting aberrant migration or increased survival of the subplate neurons. 9 It is because the IWMN abnormalities point so strongly to an early developmental anomaly that the findings have been given prominence. Moreover, by virtue of its functions, a subplate abnormality is a plausible unifying explanation for the neuropathological changes reported in the cortex and thalamus in schizophrenia. 21, 22 However, there are reasons to be cautious before accepting this attractive scenario. Firstly, the nature of IWMN alterations in schizophrenia is not clear; for example, Akbarian et al 16, 17, 19 found a redistribution of IWMNs with an increased density in the deep white matter, whereas Anderson et al 18 reported essentially the opposite pattern, with increased IWMN density in the superficial white matter. Secondly, the dendrites and axons of some adult IWMNs project into the neocortex, thalamus or hippocampus, [23] [24] [25] [26] suggesting that they participate in neural circuits throughout life. This raises the possibility that any involvement of IWMNs in schizophrenia might arise from, and impact upon, events that occur long after the end of corticogenesis. Thirdly, a recent study found no IWMN changes in the prefrontal cortex in schizophrenia. 27 There are significant methodologic differences between the IWMN studies in schizophrenia, making it unclear whether the IWMN results as a whole are contradictory or just inconclusive; either way, the issue requires further study because of its conceptual importance.
The second line of evidence comes from the studies of reelin in schizophrenia, all of which have shown a marked decrease of its protein or mRNA, [28] [29] [30] [31] making it one of the more robust molecular changes described in the disorder. 32 Reelin is a key molecule during corticogenesis, guiding the migration and positioning of proliferating neurons, and influencing cortical lamination, columnarity, and synaptic connectivity. [33] [34] [35] [36] During development, reelin is secreted by Cajal-Retzius cells in the marginal zone. [37] [38] [39] It is a serine protease, 40 and acts upon neurons, and maybe glia, 41 via several receptor-mediated mechanisms. 35, 42 The importance of reelin has been well demonstrated by the cytoarchitectural and behavioural abnormalities of the null mutant reeler (rl À/À) mouse. 43 Of greater interest in the context of schizophrenia, however, is that the heterozygous (rl þ /À) reeler mouse also shows morphological, behavioural, and neurochemical differences, [44] [45] [46] including IWMN alterations, 47 indicating that only a partial decrease of reelin expression, as observed in schizophrenia, can produce relevant phenotypic effects. However, neurodevelopmental speculation of this kind must take into account that reelin also modulates neuronal plasticity throughout life, 44, 48 perhaps explaining its persisting expression by layer 1 neurons (thought to be the residual Cajal-Retzius cells) as well as some GABAergic interneurons and cerebellar granule cells in the adult. 28, 49 Hence, as with the IWMNs, the reelin alterations in schizophrenia cannot be interpreted as necessarily reflecting only aberrant early development.
Overall, both the IWMN and reelin findings in schizophrenia are intriguing, but questions remain as to their strength and their neurodevelopmental significance. This study was designed to explore IWMN and reelin involvement in schizophrenia further. Firstly, we assessed the distribution and density of IWMNs using a neuronal marker, NeuN, which has advantages over methods used to date in terms of its robustness and inclusivity. Secondly, we investigated whether reelin is expressed by human IWMNs in addition to the cell types noted above, as some data had suggested (Martínez-Cerdeñ o and Clascá 50 and G Meyer, personal communication), and then we assessed whether reelin mRNA was altered in IWMNs in schizophrenia. The data together clarify the source of decreased reelin mRNA and protein reported in schizophrenia, and provide initial evidence for a relationship between reelin and IWMN changes in its pathophysiology.
Materials and Methods
Tissue collection and processing Brain tissue was collected at autopsy with consent from 12 subjects with schizophrenia meeting DSM-IV criteria, and from 14 controls with no history of psychiatric or neurological disorder (Table 1 ). All patients had been treated with one or more typical antipsychotic, and were on medication at the time of death. The groups were matched for age, brain pH and autopsy delay. All brains were examined macroscopically and microscopically, and were free of neurodegenerative and focal abnormalities. Tissue from one control subject was not available for the IWMN measurements.
Coronal blocks were taken from the middle third of the superior temporal gyrus (Brodmann area (BA) 22) of the right hemisphere, except for one subject with schizophrenia from whom only the left hemisphere was available, and stored at -701C. Frozen sections (18 mm) were collected onto gelatin-coated slides, and returned to À701C. Sections to be used for in situ hybridization histochemistry (ISHH) were pretreated 51 and stored at À201C. All materials were coded, and experiments and analyses conducted blind to diagnosis.
NeuN immunocytochemistry
The anti-neuronal nuclei (NeuN) monoclonal antibody is a widely used neuronal marker, which works well in post-mortem tissue. 52 We chose it in preference to anti-MAP2 antibodies, used previously to identify IWMNs, 17, 18, 20, 27 since the latter did not produce reliable immunostaining in our frozen material (cf Riederer et al 53 ). Duplicate sections from each subject were fixed in 4% paraformaldehyde for 5 min, followed by a 30 min incubation in 3% hydrogen peroxide in methanol. After three brief washes in phosphate-buffered saline (PBS), nonspecific binding sites were blocked with 10% normal horse serum in PBS containing 0.3% Triton X-100 (PBS-T; 30 min). Sections were incubated overnight at 41C with NeuN antibody, diluted 1 : 100 with PBS-T containing 1% normal horse serum and visualized using biotinylated horse anti-mouse antibody (1 : 100; Sigma, Poole, UK) with an ABC Elite kit (Vector Laboratories, Peterborough, UK) and diaminobenzidine. All subjects were included in a single experimental run, alongside negative control sections in which the primary antibody was omitted.
Measurement of NeuN-labelled neurons
It is the density and distribution of IWMNs that has been reported as being altered in schizophrenia. Various methods have been adopted to address the problems of such measurements within a structure, the white matter, for which not all borders can readily be defined, and given the inherent limitations of frozen sections and of two-dimensional counting. 54 Moreover, the distribution of IWMNs is highly nonuniform, being highest near the layer VI border and declining rapidly into the deeper white matter; 13, 17, 18, 27 the density of IWMNs may also vary depending on sulcogyral position (Akbarian et al 19 and our unpublished observations), and from one cortical area to another. 55 Our strategy attempted to recognize and address all these issues, while also seeking to produce data comparable with the earlier results.
IWMNs were counted in two sampling 'bins' or compartments. Both were from the middle of the bank of the sulcus, to avoid problems of curvature and to facilitate demarcation of the bottom of the white matter (defined as half of the distance to the grey/ white matter border of the facing sulcal bank). The first bin, called 'superficial', was immediately below the point at which the white matter was unequivocally identifiable based on the rapid, steep decline in neuronal density from the overlying layer VI ( Figure 1 ). The second compartment, called 'deep', was placed within the bottom third of the white matter; given the range of depths of the white matter in this material, this meant that the deep and superficial bins were separated by 0.23-1.46 mm. This approach to IWMN assessment was chosen because the existing data agree that any IWMN changes in schizophrenia occur in the superficial or deepest parts of the white matter, with intermediate compartments giving equivocal or negative results. [16] [17] [18] [19] Within each bin, 20 counting boxes of dimensions 0.47 Â 0.47 mm (0.23 mm 2 ) were randomly placed. All IWMNs within the box were counted, except those touching the left and top sides. IWMNs were readily identified with the NeuN stain and distinguishable from glial and endothelial cells. An average of 138 (range 84-188) superficial IWMNs, and 43 (range 24-72) deep IWMNs were measured per subject. Test-rest variation in IWMN density measures was 2%.
Several other measurements were carried out to help interpret the IWMN data. Grey matter and white matter thicknesses were measured to help ensure that any differences in IWMN density observed in schizophrenia were not due to inadvertent misplacing of the grey-white matter border, or a group difference in white matter depth. In addition, the density of layer IV neurons was determined in the same way as for IWMNs, in order to establish the selectivity of any change in the density of the IWMNs, and to address the possibility that the cases and controls might differ in NeuN immunoreactivity.
In situ hybridization histochemistry (ISHH) analysis of reelin mRNA ISHH was carried out using a 36-base oligonucleotide probe complementary to the human reelin sequence 56 (bases 1437-1472; GenBank accession number NM005045). Briefly, the probe was 3 0 -labelled with [a 35 S]dATP (B1200 Ci/mmol, Perkin-Elmer Life Sciences, Hounslow, UK) at a 1 : 10 ratio using terminal deoxynucleotide transferase and labelling buffer (Promega, Southampton, UK) and purified using Sephadex G-50 nick columns (Amersham, Little Chalfont, UK). Six sections from each subject were incubated overnight at 311C in hybridization buffer 57 containing 1 Â 10 6 counts per minute of purified labelled probe and 50 mM dithiothreitol. Posthybridization washes were carried out in 1 Â standard saline citrate (SSC) for 3 Â 20 min at 551C followed by 2 Â 60 min washes in 1 Â SSC at room temperature. Hybridized sections were placed against Kodak Biomax MR film for 10 days to verify the success of the experiment, and then dipped in LM1 photographic emulsion (Amersham) and stored at 41C. After 6 weeks, sections were developed and counterstained with cresyl violet. Experimental controls comprised hybridization with the sense orientation probe, and use of ribonuclease-treated sections. Reelin mRNA abundance was measured in terms of the density of grains overlying expressing cells, using dark-field microscopy and KS400.3 imaging software (Imaging Associates, Bicester, UK). 57, 58 Results were corrected for nonspecific signal represented by sense strand hybridization. The measurements were carried out over 40-70 IWMNs in superficial and deep white matter compartments, and over 30-50 layer 1 neurons, from each subject. Previous studies, and pilot data, showed that this sampling strategy gives a reliable estimate of the mRNA expression profile of the neuronal population.
Statistical analyses
Comparisons of IWMN density and reelin mRNA between cases and controls were made by analysis of variance. Correlations with potential confounders, and with clinical variables, were investigated using the Spearman coefficient. One secondary comparison was planned, based upon an earlier study, 20 which had found that increased IWMN density was largely limited to patients with deficit syndrome. As we had insufficient clinical data to make or exclude a confident diagnosis of deficit syndrome, a history of prominent negative symptoms was used as an approximation. Four patients came into this category, and four were classified as free from significant negative symptoms. All tests were two-tailed, with P ¼ 0.05 being considered significant.
Results

Distribution and density of NeuN-stained IWMNs
IWMNs stained with NeuN were mainly bipolar or multipolar neurons with horizontally or variably oriented dendrites (Figure 2) , as described previously using other markers. 12, 13, [17] [18] [19] [20] 27 We also confirmed the marked gradient in the distribution of the neurons, with the highest density being seen in the most superficial part of the white matter (Figure 1b) .
The IWMN results are summarized in Table 2 . The density of IWMNs in the superficial white matter was increased in subjects with schizophrenia compared to controls (P ¼ 0.031; Figure 3) . The planned secondary analysis suggested that the increased superficial IWMN density occurred mainly in the patients with known negative symptoms (34. (Table 2 and Figure 3) , and two-way ANOVA confirmed a diagnosis Â compartment interaction (P ¼ 0.028). In the control subjects, there was no significant correlation of IWMN density between the two compartments, whereas superficial and deep white matter IWMN densities correlated inversely in schizophrenia, as illustrated in Figure 4 . The correlations are significantly different from each other (z ¼ 2.45, P ¼ 0.007). These results together show that superficial but not deep IWMN density is increased in schizophrenia, and indicates a possible difference in the relationship between the two populations in the disorder.
Neuronal density in lamina IV was unaltered in schizophrenia, as were the depths of grey and white matter ( Table 2 ). There were no correlations between the neuronal density and white matter depth measures (all ro0.2). Neither did IWMN density correlate with age at onset of schizophrenia, age at death, brain pH or autopsy delay (all ro0.3), and the above results were unaffected when analyses were repeated covarying for these potential confounders. Morphometric Figure 2 Two examples of NeuN-stained interstitial neurons in the superficial white matter of the superior temporal cortex. Bar: 30 mm. measures showed no gender differences or interactions. These additional analyses strengthen the conclusion that the superficial IWMN density increase in schizophrenia is genuine, and not explicable by demographic or methodologic confounders (see Discussion).
ISHH analyses of reelin mRNA expression Inspection of the dipped ISHH sections showed a discrete cellular expression profile for reelin mRNA (Figures 1b and 5 ). Abundant grains were seen over most layer I neurons (Figure 5a ), and over scattered nonpyramidal neurons (Figure 5b ). Many cells in the white matter were heavily labelled for reelin mRNA ( Figure 5c ); these had a similar distribution and appearance (allowing for the fact that they were Nissl-stained) as the NeuN-stained IWMNs; we thus assume that these cells are indeed reelin-expressing IWMNs. Some IWMNs did not express reelin mRNA, in that their labelling was not above background ( Figure 5e ). Although it was not possible to quantify this proportion, we estimate that approximately half of IWMNs, in both compartments, were reelinnegative. Sense strand hybridization (Figure 5f ) and ribonuclease pretreatment (not shown) produced a low level of background signal with no grain clustering over cell bodies.
Results of the quantitative analyses of reelin mRNA in schizophrenia are summarized in Figure 6 . The cellular reelin mRNA signal in schizophrenia was reduced in superficial IWMNs (À14%; Figure 6a Figure 6b ) and a reduction in layer I neurons (À11%; P ¼ 0.036; Figure 6c ). The reelin results became complex when gender was taken into account (Table 3) , although it should be noted that these were post hoc observations, not hypothesisdriven, and that the subgroups are small. For superficial IWMNs, reelin mRNA showed a diagnosis x gender interaction (P ¼ 0.044), due to a reduction in male but not female subjects with schizophrenia. In layer I neurons, there was an effect of gender (P ¼ 0.016), with women expressing more reelin mRNA than men, but with no diagnosis Â gender interaction (P ¼ 0.25). There were no gender effects or interactions for deep IWMN neurons.
Reelin mRNA expression by IWMNs and layer I neurons was not related to the presence of negative symptoms (not shown). Reelin mRNA signal did not correlate with age, pH or autopsy delay (all ro0.3), and inclusion of these factors as covariates did not significantly alter the above findings. Reelin mRNA showed no correlations with age at onset of schizophrenia, nor with the density of IWMNs.
Discussion
The main finding of this study is that we replicated an increased density of IWMNs, [17] [18] [19] [20] and decreased reelin expression, [28] [29] [30] in the cerebral cortex in schizophrenia. In particular, our observation that IWMN density is increased selectively in the superficial white matter in schizophrenia corroborates two earlier studies. 18, 20 The results support the basic view, given the premises outlined in the Introduction, that schizophrenia may be associated with a neurodevelopmental disturbance, most likely in the second trimester. Our data suggesting a greater IWMN disturbance in patients with prominent negative symptoms support, to an extent limited by our small sample size, the finding in patients with deficit syndrome. 20 Our results also provide several novel findings. Firstly, they show that the abnormalities affect the superior temporal gyrus, in addition to the areas studied previously. Secondly, that the IWMN alteration in schizophrenia is not limited to the subpopulations of these neurons defined by the antibodies used in earlier studies. Thirdly, that both IWMN and layer I neurons contribute to the reduced expression of reelin in the cortex in schizophrenia. Fourth, that Reelin mRNA expression by neuron populations of the superior temporal cortex in control subjects (squares) and subjects with schizophrenia (triangles): (a) superficial IWMNs; (b) deep IWMNs: (c) layer I neurons. Reelin mRNA is decreased in schizophrenia in superficial IWMNs (**P ¼ 0.008) and layer I neurons (*P ¼ 0.036). Gender effects were also seen for reelin mRNA in these two populations, as detailed in Table 3 . a The primary analysis of diagnostic group differences is shown in Figure 6 . b Gender Â diagnosis interaction, P=0.044. Reelin mRNA reduced in men (P=0.005), but not women (P=0.63) with schizophrenia. c Effect of gender, P=0.016. Values are corrected optical density units (mean7SEM).
gender may influence reelin mRNA expression and interact with the changes occurring in schizophrenia.
Methodologic issues
Before discussing the results in more detail, several potential methodolgic issues merit attention, in addition to the obvious need to replicate independently the findings.
Antipsychotic medication received by the patients is unlikely to have affected the morphometric findings, especially since it would require a differential effect on the survival (or NeuN antigenicity) of superficial compared to deep IWMNs. Antipsychotic-induced alterations in gene expression are more plausible, 59 but prior studies have found no effect of chronic antipsychotic treatment upon reelin mRNA in rats 28 and no correlations with medication exposure in patients. 30 Age, brain pH and autopsy delay can affect morphological and molecular post-mortem studies. 60 However, the absence of correlations between these factors and the measured indices, and the unaltered conclusions if the factors were included as covariates, argues against them having confounded the present data.
A more important limitation concerns the method used to determine IWMN density (see Materials and methods). Being a conventional, two-dimensional method, no statement can be made as to whether the increased density of IWMNs in schizophrenia implies an increased number of IWMNs. The method is also subject to various confounders, especially a differential tissue shrinkage or a varying cell size between groups. 54, 61 It is therefore noteworthy that IMWN size is unchanged in schizophrenia, 17, 27 (and our unpublished observations), and that white matter depth was unaltered (Table 2 ) and did not correlate with either superficial (r ¼ À0.01 P ¼ 0.96) or deep (r ¼ 0.12, P ¼ 0.57) IWMN density. The unaltered deep IWMN density also argues against a change in white matter volume as being an explanation for the increased superficial IWMN density, as does a stereological study, which found superior temporal gyrus white matter volume unaffected in schizophrenia. 62 Furthermore, one of the prior IWMN studies, which had the same result as the present report, did use an unbiased three-dimensional counting method. 20 Hence, we have confidence in the robustness of our IWMN findings, although the field will undoubtedly benefit in the future from the additional and complementary information which stereological studies can provide.
IWMNs in schizophrenia IWMN abnormalities in schizophrenia have been interpreted as a manifestation of aberrant prenatal neurodevelopment, perhaps reflecting alterations in neuronal migration and/or programmed cell death. Our data showing a higher density of superficial IWMNs are important because they strengthen the evidence that there is an IWMN abnormality in the disorder requiring explanation. However, in their own right, they do not shed further light directly upon these attractive, but unproven, interpretations, which have been extensively discussed. 9, [17] [18] [19] [20] Rather than going over these issues again, we instead draw attention to three points arising from our IWMN data.
Why might schizophrenia be associated with alterations in superficial but not deep IWMNs? The two populations differ in terms of their predominant morphology and gradient of decline during postnatal development. 12, 13 They also differ in their connectivity, with superficial IWMNs forming more extensive connections with neurons in the overlying grey matter. 26 It may also be relevant that superficial IWMNs lie embedded within the corticocortical association fibres (or U-fibres), which run in the white matter immediately below layer VI, whereas, at least in the rodent, callosal fibres travel in the middle portion and corticofugal axons predominate in the deep white matter. [63] [64] [65] Any of these differences might explain the apparent selective involvement of superficial compared to deep IWMNs in schizophrenia.
The functional implications of increased IWMN density in schizophrenia are likewise unknown, but there are two main possibilities. First that it affects the properties of the neural circuits in which IWMNs normally participate by virtue of their afferent and efferent connections with cortical and thalamic neurons. It is difficult to make more specific predictions as to the nature of this effect, given the considerable heterogeneity of IWMNs in terms of phenotype (eg excitatory and inhibitory) and synaptic connectivity. 12, 13, 23, 66, 67 The second possibility is that the function of IWMN is to serve as modulators, either by monitoring (and perhaps affecting) impulse flow along passing fibres, or as regulators of the local vasculature. 67 If so, the IWMN findings in schizophrenia might be relevant to the altered patterns of blood flow 68 and white matter characteristics 69, 70 seen in imaging studies, as well as to the emerging evidence for oligodendrocyte pathology. [71] [72] [73] A final point to note is that some controversy exists as to whether IWMNs are necessarily the adult remnants of subplate neurons. This view is widely accepted, but has been challenged, 66, 74 largely on the basis that data from human brain, although sparse, appear to show important differences from the results of the many studies in experimental animals. Whether or not the differences in subplate and IWMN characteristics seen in humans compared to other species 12, 13, 66 prove to be qualitative or quantitative, their occurrence is clearly relevant to, and renders more complex, the likely origins and implications of IWMN alterations in schizophrenia. For example, it highlights an evolutionary perspective. 75, 76 On a practical level, the species differences, which may also affect reelin expression, emphasize the ongoing need to study human brain directly, despite the methodologic and ethical problems, as part of the overall strategy to understand the pathogenesis of psychiatric disorders, especially those with a putative neurodevelopmental basis.
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Expression of reelin mRNA in adult superior temporal cortex neurons and its downregulation in schizophrenia The cellular distribution of reelin mRNA has not, to our knowledge, been reported previously in adult human brain. Our observations that most layer I neurons (Figure 5a ) and some interneurons across the cortical ribbon (Figure 5b ) express abundant reelin mRNA were as predicted from immunocytochemical studies using an anti-reelin antibody in human 28 and macaque 50 brain. We also found robust expression of reelin mRNA by many IWMNs (Figure 5c,d) , which has not been clearly described previously, although reelin immunoreactivity of IWMNs has been observed in adult macaque parietal cortex 50 and in postnatal human brain (G Meyer, personal communication) .
The expression of reelin in, and its presumed secretion by, IWMNs indicates that this cell population must be taken into account when roles of reelin in plasticity and other functions in the adult brain are considered, as well as its putative involvement in schizophrenia. 28, 42, 44 The finding also implies that reelin may be part of the molecular cascade underlying morphometric involvement of IWMNs in schizophrenia. Notably, the heterozygous reeler mouse shows increased superficial IWMN density, 47 providing direct evidence that decreased reelin expression can produce a similar change in IWMNs as found here and previously 18, 20 in schizophrenia. The reduced reelin expression by IWMNs in schizophrenia ( Figure  6a ,b) likely contributes to the overall loss of reelin mRNA and protein in the cortex in the disorder. 28, 30 However, the magnitude of this contribution, compared to that arising from layer I neurons (Figure 6c ) and interneurons (not measured here), is unknown, since it will depend on how much white matter was included in the tissue homogenates used in the earlier studies, and whether mRNA abundance correlates with reelin protein abundance and secretion; available data suggest this is the case in vitro, 78 and in the heterozygous reeler mouse. 44 An unexpected finding was of gender differences in reelin mRNA expression (Table 3) , notably a sexual dimorphism in layer I neurons (more in women than men), and an interaction of gender with schizophrenia in superficial IWMNs (being reduced only in male patients). These findings, although statistically significant, may well be spurious given the small sample sizes involved, the fact they were not planned comparisons, and since they have not been noted in other brain regions. [28] [29] [30] [31] It is, however, of interest that in the heterozygous reeler mouse, morphological changes are greater in males, 79 and that gender differences and interactions with schizophrenia have been reported for other superior temporal gyrus parameters. 62, [80] [81] [82] [83] These considerations suggest that gender should be examined in future studies of reelin.
A change in synaptic connectivity is a widely reported feature of the neuropathology of schizophrenia, providing a proximal explanation for some of the deficits of the disorder. [84] [85] [86] Fatemi et al 29 suggested
that the loss of reelin might be a contributor to this process, with greater individual decrements in reelin being associated with more synaptic pathology. Some empirical support for this was found in a recent study of the cerebellum, where not only was there decreased expression of reelin and the synaptic protein synaptophysin, but their abundances correlated. 31 Synaptophysin mRNA is also decreased in superior temporal gyrus in schizophrenia in the present brain series. 82 Correlating those data with the present ones, we found that synaptophysin mRNA (averaged across the grey matter) was related to the amount of reelin mRNA in layer I neurons (r ¼ 0.517, n ¼ 17, P ¼ 0.03) and the density of reelin-positive layer I neurons (r ¼ 0.607, n ¼ 17, P ¼ 0.01). These findings are in keeping with a graded relationship between reelin expression and synaptic pathology in schizophrenia. No such correlation was seen for reelin mRNA in IWMNs (r ¼ 0.255, n ¼ 17, P ¼ 0.32), suggesting that it is the layer I neurons that are more relevant in this regard.
Summary and future directions
The present study found evidence in favour of two controversial findings supportive of a neurodevelopmental origin of schizophrenia: an increased density of IWMNs and a loss of reelin expression. The fact that both were observed in the same tissue, and are also seen in the heterozygous reeler mouse, encourages speculation that reelin downregulation is causally related to IWMN alterations, and therefore that both are part of the same cascade of events which may ultimately prove to link aberrant neurodevelopment and schizophrenia. Certainly, their co-occurrence makes a unifying developmental interpretation, related to corticogenesis, seem more likely and parsimonious than the alternative scenario in which the reelin and IWMN changes are independent or originate much later in life. In one respect, the involvement of reelin in other neurodevelopmental disorders, such as autism, 42 lissencephaly, 87 temporal lobe epilepsy 88 and polymicrogyria, 89 supports this view. Equally, however, it draws attention to the question of diagnostic specificity, as does the report of reelin downregulation in mood disorder, 29 and therefore whether common pathways involving reelin exist in these clinically diverse disorders.
Finally, two cautionary comments are warranted. Firstly, any attempt to dichotomize neurodevelopment from the neuroplasticity which continues throughout life is a flawed strategy; it overlooks the continuum of these processes, 90, 91 and it is debatable whether it is a distinction applicable to schizophrenia anyway. [92] [93] [94] Secondly, elucidating the role of reelin in schizophrenia will be difficult because of the complexity of the molecular events involved: there are many regulators and effectors of reelin signalling, 35, 48, 95 and epigenetic 96 and environmental 97 factors influence these processes. Real progress in advancing the neurodevelopmental hypothesis of schizophrenia will therefore require not only more evidence regarding its neuropathology and genetic origins, 20, 21, 98 but also a greater understanding of the neurobiology of reelin and IWMNs, and the relationship between them.
